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Abstract 
 
Objective: Redistribution of cardiac output is responsible for the “brain sparing” effect seen 
during periods of fetal stress. Our aim was to prospectively investigate the correlation 
between feto-placental Dopplers and cardiac function. 
Methods: This prospective, observational study included normotensive women with 
appropriately grown, non-anomalous, singleton pregnancies. Participants underwent 
fortnightly ultrasounds from 36 weeks’ gestation and intrapartum and neonatal outcomes 
were recorded. The correlation between fetoplacental Dopplers and various indices of 
cardiac function were evaluated.    
Results: The final cohort included 273 women. The left ventricular cardiac output (LVCO), 
left to right ventricular cardiac output ratio (LVCO/RVCO) and global left ventricular strain 
were positively correlated with the cerebro-placental ratio (CPR) (p<0.001 and rho=0.29), 
(p<0.001, r=0.41) and (p<0.01 and rho=0.17) respectively. The CPR was inversely correlated 
with the left ventricular myocardial performance index (LVMPI) (p<0.01, rho=-0.18) and the 
RVCO, (p<0.001, rho=-0.28). The LVCO and global left ventricular strain were positively 
correlated with umbilical venous flow (p=0.04 and rho=0.18) and (p<0.001 and rho=0.25) 
respectively. There was no or minimal correlation between either the mean Uterine artery 
PulsatiIity Index or Umbilical artery PulsatiIity Index with any cardiac indices. 
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Conclusion: The fetal CPR, middle cerebral artery pulsatility index and umbilical venous flow 
are positively correlated with LVCO, LVCO/RVCO and global left ventricular strain in term 
low risk women. 
  
This article is protected by copyright. All rights reserved.
  
 
 
Introduction 
In a metabolic and oxygen constrained environment, the fetus alters its cardiac output to 
preferentially perfuse the brain,1 myocardium, adrenal glands and other vital organs. 
Preferential cerebral perfusion occurs as a consequence of changes in cardiac output as well 
as those mediated by chemoreceptors.2-4 The net result is a decrease in cerebral vascular 
resistance and a decline in the middle cerebral artery pulsatility index (MCA PI) as well as 
the cerebro-placental ratio (CPR).5  
A low CPR at term is associated with a range of adverse perinatal outcomes including 
intrapartum fetal compromise, acidosis, neonatal unit admission and stillbirth.6-8 In addition, 
it is postulated to reflect suboptimal intrauterine growth at term.9, 10 There is also emerging 
evidence11-19 that fetal cardiac function is impaired in growth restricted fetuses as well as in 
term appropriately grown fetuses that develop intrapartum compromise (fetal distress).20 
Given the plethora of cardio- and cerebrovascular hemodynamic changes that occur as a 
consequence of suboptimal placental function the relationship between fetoplacental 
Dopplers and cardiac function has not yet been clearly elucidated particularly in a term, 
non-small for gestational age (SGA) cohort. Thus, given the central role the fetal heart plays 
both in health and disease, the two-fold aims of this study were to firstly, ascertain if a 
correlation between feto-placental Dopplers and cardiac function was present and secondly 
to attempt to quantify the magnitude of this relationship in term fetuses from low risk 
pregnancies and in fetuses that required emergency operative birth for intrapartum fetal 
compromise (IFC).  
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Methods 
This was a prospective cohort study conducted at the Mater Mother’s Hospital, Brisbane, 
Australia. Women aged from 18-41 years with singleton pregnancies and planning a vaginal 
birth were invited to participate in this study. Exclusion criteria were those with known 
growth restricted fetuses, maternal age >40 years, or fetal malformations. This study was 
done as part of a larger study evaluating the relationship between pre-labour cardiac 
function and intrapartum fetal compromise. Written informed consent was obtained at 
enrolment from all women. Ethical and governance approvals were granted by the relevant 
committees prior to recruitment (Ref no: HREC/13/MHS/173). 
Pregnancies were dated according to crown-rump length measurement from a first 
trimester ultrasound. Each research visit involved an ultrasound for fetal biometry 
(biparietal diameter, head circumference, abdominal circumference and femur length) to 
calculate the estimated fetal weight (EFW) according to Hadlock’s formula.21 The umbilical 
artery Pulsatility index (UA-PI) and umbilical vein time-averaged maximum velocity (UV-
TAmax) were recorded from a free-floating section of cord away from cord insertion with 
the placenta or fetus. The MCA PI was obtained from the proximal third of the vessel, taking 
care to avoid excessive transducer compression of the fetal head. Maternal uterine artery 
Pulsatility index (UtA-PI) was measured within 1cm of the crossing of the uterine artery with 
the external iliac artery. All ultrasound measurements (biometry and spectral Doppler) were 
performed during fetal quiescence, in triplicate and averages recorded. The CPR was 
calculated as the simple ratio of MCA PI to the UA PI, as previously described.22 The 
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umbilical venous flow (UV Flow) rates (ml/min/kg) was calculated using time-averaged 
maximum velocity (TAmax) and vessel diameter by using the formula: Umbilical venous flow 
rate (ml/min/kg) = Velocity (cm/s) x 0.3 x Cross sectional area (mm2)/EFW.23 For UV vessel 
diameter assessment, the inner diameter of the UV was measured in triplicate and the 
average measurement recorded. The UtA-PI reported is the average of the pulsatility indices 
from the right and left uterine arteries.24 All Doppler measurements were acquired during 
periods of fetal quiescence, with the angle of insonation kept <15o and wall filter set to 
70Hz. 
Fetal cardiac function assessment included cardiac output (CO) and myocardial deformation 
analysis (strain and strain rate). Image acquisitions for cardiac output calculations were 
performed by evaluating the aortic outflow tract on a long axis of the left ventricle (LV) with 
the aorta in continuity with the interventricular septum as previously described.25, 26 The 
pulmonary artery was evaluated in either a short or long axis view of the right ventricle (RV). 
The Doppler sample gate (gate size set to 2-3 mm) was placed at the level of the appropriate 
valve, distal to the valve to obtain the relevant waveform. The inner diameters of both 
outflow tracts were also measured in triplicate at this level and the average measurement 
recorded. Velocity waveforms of three representative heart cycles were manually traced to 
obtain the time-velocity integral (TVI) and fetal heart rate (HR). All cardiac measurements 
were obtained during fetal quiescence, when the fetal HR was within the normal range (i.e. 
120-160 bpm) as it is known that fetal breathing movements and tachycardia can increase 
the velocity in the outflow tracts.  
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The LV and RV stroke volume (SV) and CO were calculated using the following formulae:   
SV (ml) = π x r2 x TVI, where (r) is the valve radius of the left or right ventricle 
= π x (Valve Diameter/2)2 x TVI 
CO (ml/min) = SV x HR 
Cardiac output for both ventricles was also corrected for fetal weight (CO/EFW) 
(ml/min/kg). The ratio of the left to right ventricular cardiac output (LVCO/RVCO) was then 
calculated. 
Image acquisition for myocardial deformation analysis using velocity vector imaging (VVI) 
was performed using a strict protocol and as previously described.27, 28 Firstly, a 2D greyscale 
video clip (minimum of three clips for three to eight cardiac cycles) of an apical or basal four 
chamber view of the fetal heart was obtained. For each video recording the highest frame 
rate possible (>78 frames per second) was used and care taken to ensure that the 
ventricular images were obtained with optimal contrast between the endocardium and 
ventricular cavity. Recordings were obtained during maternal breath holding and in the 
absence of fetal breathing movements in order to minimize non-cardiac movement and 
optimize speckle tracing ability. For each clip obtained, 3 seconds (approximately 8 cardiac 
cycles) of non-compressed data were saved in cine-loop format for analysis.   
Global and regional myocardial strain and strain rates were measured from the stored 2D 
cine-loops using the Syngo Velocity Vector Imaging (VVI)™ software (Axius, Siemens Medical 
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Solutions USA, Inc.) in accordance with the standardized protocol.27 28 As the fetal heart rate 
could not be continuously displayed because of the absence of a real time fetal 
electrocardiogram (ECG), a superimposed manual M-mode tracing of the right or left 
ventricular wall motion was used (as a surrogate for the fetal ECG R wave) to define the 
cardiac cycle. Using a still frame, on which the endocardial/blood interface was best 
visualised (usually mid-systole), the endocardial border of the right or left ventricle was 
manually traced, starting and ending just below the tricuspid or mitral valve annuli. Defining 
annuli and border position data are necessary components of the velocity vector imaging 
algorithm. Images of the RV and LV were analysed simultaneously from the same clip. Strain 
and strain rate were then calculated automatically by the VVI software package.  Twenty 
two velocity vectors were calculated for each frame of the cardiac cycle to measure the 
deformation of the endocardium (strain), displayed as a percentage, and rate of 
deformation of the endocardium (strain rate), displayed as a change in length per second 
(1/s). The strain and strain rate were then automatically displayed in a six segment model 
for the RV and LV in addition to the global longitudinal systolic stain and strain rate.  
The left ventricle myocardial performance index (LVMPI) was measured in triplicate, as 
previously described.29  Briefly, a cross sectional view of the fetal thorax was obtained with 
an apical projection of the heart showing an optimal 4-chamber view. The Doppler gate (2-
4mm) was then placed to include both the lateral wall of the ascending aorta and the mitral 
valve with the clicks corresponding to the opening and closing of the valves. The gain was 
optimized so that the valve clicks were clearly visualized and appeared more echogenic 
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compared to the E wave (myocardial relaxation), A wave (atrial contraction during 
ventricular filling) or aortic wave forms. In addition the wall filter was set to 300Hz, Doppler 
sweep velocity kept at 5-10cm/s and angle of insonation kept <15o.  The E/A and the aortic 
waveforms remained visible at all times during the examination with the clearest three 
valve clicks and waveforms measured and averaged. The isovolumetric contraction time 
(ICT), isovolumetric relaxation time (IRT) and the ejection time (ET) were then measured. 
The LVMPI was calculated using the formula (ICT + IRT/ET) and the mean value of three 
different measurements used for further analysis. We did not assess the right ventricular 
MPI, because of the difficulty in simultaneously obtaining both the tricuspid and pulmonary 
valve clicks in a single plane given the late gestation. Indeed this limitation has previously 
been described by other investigators.30, 31 
All obstetric ultrasound and fetal echocardiographic measurements were undertaken by a 
single operator (AAS), except for 20 consecutive cases which were performed by 2 operators 
to assess inter and intra-observer variation.  
All measurements reported are those obtained at the final ultrasound scan prior to birth 
(i.e. within two weeks of delivery). Both women and obstetric caregivers were blinded to 
the ultrasound findings. The only exceptions for disclosing ultrasound findings were 
malpresentation, severe oligohydramnios (deepest pool <1cm) or absent or reversed flow in 
the umbilical artery as these findings would influence immediate obstetric management. 
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After the ultrasound scan labour and delivery were managed according to local protocols 
and guidelines. 
Statistical analysis 
Normally distributed data are reported as means and standard deviations (SD) while non-
normally distributed data are reported as medians and interquartile ranges (IQR). Maternal 
and infant characteristics were compared using Chi-square or Fisher’s exact test for 
frequencies, or Student's t-test or Wilcoxon rank-sum test (Mann-Whitney U test), for 
normally distributed or non-normally distributed continuous variables respectively.  
Gestational age related reference centiles and z-scores for the cardiac function and feto-
placental Doppler variables were derived from a sub-group of study subjects with 
uncomplicated pregnancies. Altman's method was used to adjust for the normal decrease 
and change in standard deviation in the cardiac variables and feto-placental Doppler 
variables from week 36 of gestation to term.32 Over this period the change in the feto-
placental Dopplers and cardiac function parameters are linear. All correlations reported for 
the cardiac function and feto-placental Doppler variables refer to these z-scores. 
Correlations between the cardiac and feto-placental Doppler variables were assessed using 
Pearson’s correlation (r) for normally distributed data, Spearman's correlation (rho) for non-
normally distributed data. 
 The co-efficient of variation was calculated according to the root mean square method.33 
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All tests were two-tailed and the significance level for all analyses was set at p≤0.05. 
Statistical analysis was performed using Stata® software (Version 13.0), for Windows 
(StataCorp LP, College Station, Texas, USA). This study was conducted in accordance with 
the STROBE guidelines.  
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Results   
The study cohort comprised of 273 women. Of these, 133 (48.7%) women had spontaneous 
vaginal delivery (SVD). A further 42 (15.4%) women required instrumental birth for 
intrapartum fetal compromise (IFC) and 10 (3.7%) women required emergency CS for IFC 
and 88 (32.2%) women had instrumental or CS delivery for reasons other than IFC. The 
characteristics of the study population are presented in Table 1. The median gestation at 
ultrasound was 38.6 weeks (IQR 37.9-39.9) (Table 1) and the median interval between 
assessment and birth was 8.0 days (IQR 5-12 days). The participant flow diagram is 
presented in Figure 1. The intra and inter-observer co-efficient of variation for measurement 
of fetal cardiac function parameters and cerebro-placental ratio are illustrated in Table 2. 
Correlation parameters between cardiac and feto-placental Doppler indices are presented in 
Table 3 and Figure 2. The CPR was positively correlated with the LVCO (p<0.001, rho=0.29), 
LVCO/RVCO (p<0.001, rho=0.41), global LV (p=0.04, rho=0.17) and RV strain (p<0.001, 
r=0.22) respectively as well as with the EFW centile (p<0.001, rho=0.25). It was however 
negatively correlated with LVMPI (p<0.01, rho=-0.18) and the RVCO, (p<0.001, rho=-0.28) 
(Figure 2).  
The MCA PI was also positively correlated with the LVCO (ml/min/kg) (p<0.001, r=0.38), 
LVCO/RVCO (p<0.001, r=0.32), global LV (p<0.01, rho=0.17) and RV stain (p<0.001, r=0.23), 
respectively. Conversely, it was negatively correlated with the LVMPI (p<0.001, rho=-0.27) 
and RVCO (ml/min/kg), (p=0.01, r=-0.20), respectively. The UV flow was positively correlated 
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with both global LV strain (p<0.001, rho=0.25) and strain rate (p<0.001, rho=0.25) as well as 
RV strain (p<0.01, rho=0.18) and strain rate (p=0.01, rho=0.18).  
In contrast there was either no or minimal correlation between the mean UtA-PI and UA PI 
with any cardiac indices. (Table 3) 
Correlation parameters between cardiac and feto-placental Doppler indices in fetuses that 
developed IFC requiring emergency operative delivery are presented in Table 4 and Figure 2. 
The CPR was positively correlated with the LVCO (p<0.001, rho=0.42), LVCO/RVCO (p<0.001, 
rho=0.42), global LV (p=0.04, rho=0.27) and RV strain (p=0.09, rho=0.21) respectively. 
(Figure 2). The UV flow was positively correlated with both global LV strain (p=0.03, 
rho=0.31) and strain rate (p=0.01, rho=0.34). In contrast there was either no or minimal 
correlation between the mean and UA PI, MCA PI and UtA-PI with any cardiac indices in 
fetuses that developed IFC. (Table 3) 
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Discussion 
The results of this study demonstrate that Doppler parameters of fetal growth such as the 
CPR are positively correlated with both systolic and diastolic cardiac function indices such as 
LVCO, LV and RV strain and strain rate and mitral valve E/A ratio. Not surprisingly the CPR 
was also positively correlated with the EFW centile. There was also a significant positive 
correlation between the MCA-PI with LVCO which is biologically plausible, as 
echocardiographic studies of hypoxic fetuses have shown that concurrent to increased 
cerebral blood flow (e.g. low MCA PI) there is a shift of cardiac output in favour of the left 
ventricle.3, 4 However as fetal oxygenation decreases, such protective systems become 
overloaded mediated by a reduction in cardiac output.2 Cerebral redistribution and 
vasodilatation leads to a reduction in left ventricular afterload whereas arterial 
vasoconstriction of the lower body vasculature increases right ventricular afterload.34, 35 This 
is also consistent with our findings of an inverse correlation between the MCA PI and CPR 
with the RVCO. 
Several fetal echocardiography studies have shown that elevated MPI values are a marker of 
global cardiac dysfunction.13, 36 Similarly lower global ventricular strain is also reflective of 
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cardiac dysfunction as seen in some growth restricted fetuses.12, 37 Our findings of an inverse 
correlation between the LVMPI and CPR and a positive correlation between global 
ventricular strain and CPR is likely due to longer relaxation time seen in fetuses with 
suboptimal growth who tend to have a low CPR. Furthermore, reduced strain values (RV and 
LV strain) are also correlated with a lower CPR and MCA PI consistent with the fetal adaptive 
response to suboptimal placentation in order to facilitate the increased perfusion of 
oxygenated blood towards vital organs. As strain measurements reflect the mechanics of 
myocardial movement and function of the fetal heart, the findings of their positive 
correlation with CPR and MCA PI suggest the presence of subtle cardiac impairment when 
cerebral re-distribution occurs. It is however not possible to be certain from the results of 
this study as to contribution to cerebral redistribution from cardiac dysfunction in 
pathological settings e.g. fetal growth restriction or intrapartum fetal compromise where 
placental insufficiency is implicated. We have however previously shown that pre-labour 
cardiac function is impaired in term appropriately grown fetuses that require emergency 
operative birth for intrapartum fetal compromise. 20, 38 
The study findings extend our understanding of fetal physiology at term, providing insights 
to further evaluate fetal cardiac function in conjunction with CPR particularly in term 
SGA/growth restricted fetuses, clearly further research is warranted.  
Although our findings suggest correlation between some fetoplacental Dopplers and cardiac 
indices, the correlation co-efficients (r and rho) suggest that these correlations are modest 
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and range from very weak to moderate at best and thus may not be reflective of a cause 
and effect relationship. One reason for this is likely to be the fact that the fetuses in this 
study would not be considered either SGA or growth restricted and thus any fetoplacental 
Doppler aberrations are going to be minimal. In addition our findings suggests that whilst 
the CPR and some cardiac function indices (LVCO, LVMPI, LV AND RV strain and strain rate) 
are correlated, only about 17% (R2=0.17) of the CPR can be explained by changes in these 
cardiac indices. We also acknowledge the limitations of wider application of assessment of 
cardiac function outside of tertiary centres and research studies as advanced sonographic 
skills are required. Furthermore, while in our hands all cardiac and feto-placental Doppler 
parameters were consistently obtained in >97% of cases, this was in the context of a 
research study with relatively small number of participants.   
To the best of our knowledge, this is the first prospective study to correlate multiple fetal 
cardiac function parameters with feto-placental Dopplers in term, appropriately grown 
fetuses. Our findings suggest that the correlation between cardiac function and 
fetoplacental Dopplers previously described in growth restricted fetuses14, 19, 39, 40 are also 
present in a term non-SGA cohort, albeit much weaker.  
  
This article is protected by copyright. All rights reserved.
  
 
 
Bibliography 
1. Fu J and Olofsson P. Intracerebral regional distribution of blood flow in response to uterine 
contractions in growth-restricted human fetuses. Early Hum Dev 2007; 83: 607-612. 
2. Hutter D, Kingdom J and Jaeggi E. Causes and mechanisms of intrauterine hypoxia and its 
impact on the fetal cardiovascular system: a review. Int J Pediatr 2010; 2010: 401323.  DOI 
10.1155/2010/401323. 
3. Wladimiroff JW, Tonge HM and Stewart PA. Doppler ultrasound assessment of cerebral 
blood flow in the human fetus. Br J Obstet Gynaecol 1986; 93: 471-475. 
4. Fouron JC, Skoll A, Sonesson SE, Pfizenmaier M, Jaeggi E and Lessard M. Relationship 
between flow through the fetal aortic isthmus and cerebral oxygenation during acute placental 
circulatory insufficiency in ovine fetuses. Am J Obstet Gynecol 1999; 181: 1102-1107. 
5. Arbeille PH, Roncin A, Berson M, Patat F and Pourcelot L. Exploration of the fetal cerebral 
blood flow by duplex doppler—linear array system in normal and pathological pregnancies. 
Ultrasound Med Biol 1987; 13: 329-337.  DOI: http://dx.doi.org/10.1016/0301-5629(87)90166-9. 
6. Dunn L, Sherrell H and Kumar S. Review: Systematic review of the utility of the fetal 
cerebroplacental ratio measured at term for the prediction of adverse perinatal outcome. Placenta; 
54: 68-75.  DOI: 10.1016/j.placenta.2017.02.006. 
7. Khalil AA, Morales-Rosello J, Morlando M, Hannan H, Bhide A, Papageorghiou A and 
Thilaganathan B. Is fetal cerebroplacental ratio an independent predictor of intrapartum fetal 
compromise and neonatal unit admission? Am J Obstet Gynecol 2015; 213: 54.e51-10.  DOI: 
10.1016/j.ajog.2014.10.024. 
8. Morales-Rosello J, Khalil A, Salvi S, Townsend R, Premakumar Y and Perales-Marin A. 
Abnormal Middle Cerebral Artery Doppler Associates with Spontaneous Preterm Birth in Normally 
Grown Fetuses. Fetal Diagn Ther 2016; 40: 41-47.  DOI: 10.1159/000441519. 
9. Prior T, Paramasivam G, Bennett P and Kumar S. Are fetuses that fail to achieve their growth 
potential at increased risk of intrapartum compromise? Ultrasound Obstet Gynecol 2015; 46: 460-
464. 
10. Khalil A, Morales-Rosello J, Khan N, Nath M, Agarwal P, Bhide A, Papageorghiou A and 
Thilaganathan B. Is cerebroplacental ratio a marker of impaired fetal growth velocity and adverse 
pregnancy outcome? Am J Obstet Gynecol 2017; 216: 606. e601-606. e610. 
11. Comas M, Crispi F, Cruz-Martinez R, Figueras F and Gratacos E. Tissue Doppler 
echocardiographic markers of cardiac dysfunction in small-for-gestational age fetuses. Am J Obstet 
Gynecol 2011; 205: 57.e1–57.e6. DOI: 10.1016/j.ajog.2011.03.010. 
12. Crispi F, Bijnens B, Sepulveda-Swatson E, Cruz-Lemini M, Rojas-Benavente J, Gonzalez-
Tendero A, Garcia-Posada R, Rodriguez-Lopez M, Demicheva E, Sitges M and Gratacos E. Postsystolic 
shortening by myocardial deformation imaging as a sign of cardiac adaptation to pressure overload 
in fetal growth restriction. Circ Cardiovasc Imaging 2014; 7: 781-787.  DOI: 
10.1161/circimaging.113.001490. 
13. Pérez-Cruz M, Cruz-Lemini M, Fernández M, Parra J, Bartrons J, Gómez-Roig M, Crispi F and 
Gratacós E. Fetal cardiac function in late-onset intrauterine growth restriction vs small-for-
gestational age, as defined by estimated fetal weight, cerebroplacental ratio and uterine artery 
Doppler. Ultrasound Obstet Gynecol 2015; 46: 465-471. 
14. Crispi F, Hernandez-Andrade E, Pelsers MMAL, Plasencia W, Benavides-Serralde JA, Eixarch 
E, Le Noble F, Ahmed A, Glatz JFC, Nicolaides KH and Gratacos E. Cardiac dysfunction and cell 
This article is protected by copyright. All rights reserved.
  
 
 
damage across clinical stages of severity in growth-restricted fetuses. Am J Obstet Gynecol 2008; 
199: 254.e251-254.e258.  DOI: https://doi.org/10.1016/j.ajog.2008.06.056. 
15. Cruz-Lemini M, Crispi F, Valenzuela-Alcaraz B, Figueras F, Gomez O, Sitges M, Bijnens B and 
Gratacos E. A fetal cardiovascular score to predict infant hypertension and arterial remodeling in 
intrauterine growth restriction. Am J Obstet Gynecol 2014; 210: e1–552.e522.  DOI: 
10.1016/j.ajog.2013.12.031. 
16. Bhorat IE, Bagratee JS, Pillay M and Reddy T. Determination of the myocardial performance 
index in deteriorating grades of intrauterine growth restriction and its link to adverse outcomes. 
Prenat Diagn 2015; 35: 266-273.  DOI: 10.1002/pd.4537. 
17. Cruz-Martinez R, Figueras F, Benavides-Serralde A, Crispi F, Hernandez-Andrade E and 
Gratacos E. Sequence of changes in myocardial performance index in relation to aortic isthmus and 
ductus venosus Doppler in fetuses with early-onset intrauterine growth restriction. Ultrasound 
Obstet Gynecol 2011; 38: 179-184.  DOI: 10.1002/uog.8903. 
18. Severi FM, Rizzo G, Bocchi C, D’Antona D, Verzuri M and Arduini D. Intrauterine growth 
retardation and fetal cardiac function. Fetal Diagn Ther 2000; 15: 8-19. 
19. Hassan WA, Brockelsby J, Alberry M, Fanelli T, Wladimiroff J and Lees CC. Cardiac function in 
early onset small for gestational age and growth restricted fetuses. European Journal of Obstetrics & 
Gynecology and Reproductive Biology 2013; 171: 262-265.  DOI 10.1016/j.ejogrb.2013.09.020. 
20. Alsolai AA, Bligh LN, Greer RM and Kumar S. Pre-labor fetal cardiac function and its 
relationship with intrapartum fetal compromise and neonatal status at term. Ultrasound Obstet 
Gynecol 2017.  DOI: 10.1002/uog.17552. 
21. Hadlock FP, Harrist RB and Martinez-Poyer J. In utero analysis of fetal growth: a sonographic 
weight standard. Radiology 1991; 181: 129-133. 
22. Prior T, Mullins E, Bennett P and Kumar S. Prediction of intrapartum fetal compromise using 
the cerebroumbilical ratio: a prospective observational study. Am J Obstet Gynecol 2013; 208: 
124.e1-6. DOI: 10.1016/j.ajog.2012.11.016. 
23. Prior T, Mullins E, Bennett P and Kumar S. Umbilical venous flow rate in term fetuses: can 
variations in flow predict intrapartum compromise? Am J Obstet Gynecol 2014; 210: 61. e61-61. e68. 
24. Gomez O, Figueras F, Fernandez S, Bennasar M, Martinez JM, Puerto B and Gratacos E. 
Reference ranges for uterine artery mean pulsatility index at 11-41 weeks of gestation. Ultrasound 
Obstet Gynecol 2008; 32: 128-132.  DOI 10.1002/uog.5315. 
25. Mielke G and Benda N. Cardiac output and central distribution of blood flow in the human 
fetus. Circulation 2001; 103: 1662-1668. 
26. Maulik D, Nanda NC and Saini VD. Fetal Doppler echocardiography: methods and 
characterization of normal and abnormal hemodynamics. Am J Cardiol 1984; 53: 572-578. 
27. Barker PC, Houle H, Li JS, Miller S, Herlong JR and Camitta MG. Global longitudinal cardiac 
strain and strain rate for assessment of fetal cardiac function: novel experience with velocity vector 
imaging. Echocardiography 2009; 26: 28-36. 
28. Alsolai AA, Bligh LN, Greer RM, Gooi A and Kumar S. Myocardial strain assessment using 
Velocity Vector Imaging in normally grown fetuses at term. Ultrasound Obstet Gynecol 2017.  DOI: 
10.1002/uog.17549. 
29. Hernandez-Andrade E, Lopez-Tenorio J, Figueroa-Diesel H, Sanin-Blair J, Carreras E, Cabero L 
and Gratacos E. A modified myocardial performance (Tei) index based on the use of valve clicks 
improves reproducibility of fetal left cardiac function assessment. Ultrasound Obstet Gynecol 2005; 
26: 227-232.  DOI 10.1002/uog.1959. 
This article is protected by copyright. All rights reserved.
  
 
 
30. Godfrey ME, Messing B, Cohen SM, Valsky DV and Yagel S. Functional assessment of the fetal 
heart: a review. Ultrasound Obstet Gynecol 2012; 39: 131-144.  DOI 10.1002/uog.9064. 
31. Sanhal CY, Daglar HK, Kara O, Uygur D and Yucel A. Assessment of fetal myocardial 
performance index in women with pregestational and gestational diabetes mellitus. J Obstet 
Gynaecol Res 2017; 43: 65-72. 
32. Altman DG. Construction of age-related reference centiles using absolute residuals. Stat Med 
1993; 12: 917-924. 
33. Bland JM. How should I calculate a within-subject coefficient of variation? http://www-
users.york.ac.uk/~mb55/meas/cv.htm. [Accessed 11 March 2017]. 
34. Al-Ghazali W, Chita SK, Chapman MG and Allan LD. Evidence of redistribution of cardiac 
output in asymmetrical growth retardation. Br J Obstet Gynaecol 1989; 96: 697-704. 
35. Rizzo G, Arduini D and Romanini C. Doppler echocardiographic assessment of fetal cardiac 
function. Ultrasound Obstet Gynecol 1992; 2: 434-445.  DOI: 10.1046/j.1469-0705.1992.02060434.x. 
36. Hernandez-Andrade E, Crispi F, Benavides-Serralde JA, Plasencia W, Diesel HF, Eixarch E, 
Acosta-Rojas R, Figueras F, Nicolaides K and Gratacos E. Contribution of the myocardial performance 
index and aortic isthmus blood flow index to predicting mortality in preterm growth-restricted 
fetuses. Ultrasound Obstet Gynecol 2009; 34: 430-436.  DOI 10.1002/uog.7347. 
37. Van Mieghem T, Giusca S, DeKoninck P, Gucciardo L, Doné E, Hindryckx A, D'hooge J and 
Deprest J. Prospective assessment of fetal cardiac function with speckle tracking in healthy fetuses 
and recipient fetuses of twin-to-twin transfusion syndrome. J Am Soc Echocardiogr 2010; 23: 301-
308. 
38. Alsolai AA, Bligh LN, Greer RM, Gooi A and Kumar S. Assessment of left ventricular function 
using the Myocardial Performance Index in term fetuses that develop intrapartum compromise. The 
Journal of Maternal-Fetal & Neonatal Medicine 2017. DOI: 10.1080/14767058.2017.1404568. 
39. Cruz-Martinez R, Figueras F, Hernandez-Andrade E, Oros D and Gratacos E. Changes in 
myocardial performance index and aortic isthmus and ductus venosus Doppler in term, small-for-
gestational age fetuses with normal umbilical artery pulsatility index. Ultrasound Obstet Gynecol 
2011; 38: 400-405. 
40. Iruretagoyena JI, Gonzalez-Tendero A, Garcia-Canadilla P, Amat-Roldan I, Torre I, Nadal A, 
Crispi F and Gratacos E. Cardiac dysfunction is associated with altered sarcomere ultrastructure in 
intrauterine growth restriction. Am J Obstet Gynecol 2014; 210: 550.e1–550.e7. 
 
 
 
 
 
 
 
 
This article is protected by copyright. All rights reserved.
  
 
 
 
 
 
 
 
 
 
 
 
Figure Legends 
Figure 1:  Participant flow diagram  
Figure 2: Correlation graphs between fetal cerebroplacental ratio and cardiac function 
parameters in fetuses with and without intrapartum fetal compromise 
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Table 1. Participant demographics 
 
IFC: intrapartum fetal compromise. BMI: body mass index (kg/m2). ART: assisted reproductive 
technology. GA = gestational age (weeks). NICU: neonatal intensive care unit. SVD: Spontaneous 
Vaginal Delivery. CS: Caesarean Section. CANO: Composite adverse neonatal outcome: acidosis, 
Apgar score <7 or NICU admission. 
Categorical variables reported as n (%).   
Normally distributed variables are reported as means (±SD). Non-normally distributed variables are 
reported as medians and IQRs.  
* Student's t-test 
† Fisher’s exact test 
^ Chi square test  
‡ Wilcoxon rank sum test (Mann-Whitney U test) 
Characteristic Overall 
N=273 
No IFC 
N=221  
IFC  
N=52 
p-value 
Maternal age (years) 29.6 (±4.7) 29.5 (±4.9) 30.3 (±3.9) 0.24* 
Nulliparous 272 (99.6) 221 (81) 51 (18.7) NA 
Ethnicity    0.81† 
Caucasian 170 (62.3) 138 (62.4) 32 (61.5)  
Oriental 56 (20.6) 44 (19.9) 12 (23.1)  
Indian 24 (8.8) 19 (8.6) 5 (9.6)  
Other 23 (8.4) 20 (9.1) 3 (5.8)  
BMI (kg/m2) 22 (20.3-25) 21.9 (20.3-25) 21.9 (19.5-24.7) 0.80‡ 
Maternal medical condition     
Diabetes Mellitus 14 (5.1) 14 (6.3) 0 (0) - 
Hypertension 7 (2.6) 6 (2.7) 1 (1.9) 0.1† 
Maternal smoking 27 (9.9) 22 (10) 5 (9.6) 0.96^ 
ART 5 (1.8) 5 (1.8) 0 (0) - 
GA at last ultrasound  38.6 (37.9-39.9) 38.4 (37.9-39.7) 39.4 (38.3-40.1) 0.001‡ 
Mode of birth      <0.001† 
SVD  133 (48.7) 133 (60.2) 0 (0)  
Instrumental 88 (32.2) 46 (20.8) 42 (80.8)  
CS 52 (19.0) 42 (19.0) 10 (19.2)  
Perinatal outcomes     
GA at birth 40 (39.3-40.9) 40 (39.2-40.7) 40.6 (39.7-41.1) 0.003‡ 
BW centile 42 (25-68) 44 (25-68) 30 (17-50) 0.01‡ 
Sex (male) 134 (49.1) 115 (52.0) 19 (36.5) 0.05^ 
Acidosis 48/159 (30.2) 24/110 (21.8) 24/49 (49.0) 0.001^ 
Apgar≤7 4 (1.5) 3 (1.4) 1 (1.9) 0.57† 
NICU admission 14 (5.1) 10 (4.5) 4 (7.7) 0.31† 
CANO 56 (20.5) 30 (13.6) 26 (50) <0.001^ 
This article is protected by copyright. All rights reserved.
  
 
 
Table 2: Inter- and intraobserver variability for Doppler and cardiac function parameters  
Variable Inter-observer variability, (95 %CI) Intra-observer variability, (95 %CI) 
LVCO 8.0% (95% CI, 6.2-8.8) 7.2% (95% CI, 5.8-8.3) 
RVCO 7.9% (CI, 6.0-8.61) 7.0% (95% CI, 6.2-8.0) 
LVMPI 6.2 % (95% CI, 4.9-6.8) 5.1% (95% CI, 4.2-5.9) 
LV strain 6.0 % (95% CI, 4.9-6.8) 8.3% (95% CI, 7.1-9.2) 
RV strain 5.1% (95% CI, 4.2-5.9) 9.0% (95% CI, 7.9-9.9) 
UA PI 6.1% (95% CI, 4.5-7.3) 6.2%, (95% CI, 3.4-7.9) 
MCA PI 5.4% (95% CI, 2.3-6.9) 3.2% (95% CI, 2.1-3.9) 
CPR 7.8% (95% CI, 5.5-9.5) 7.6% (95% CI, 5.2-9.3) 
 
LV: left ventricle, RV: Right ventricle LVCO: left ventricular cardiac output, RVCO: right ventricular 
cardiac output, LVMPI: Left ventricle Myocardial Performance Index, UA PI: Umbilical Artery 
Pulsatility Index, MCA PI: Middle Cerebral Artery Pulsatility Index, CPR: Cerebroplacental Ratio
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Table 3: Cardiac function markers and correlation with feto-placental Doppler parameters 
Parameters  
 
UA PI MCA PI CPR* UV flow* UtA-PI LVCO 
ml/min/kg 
RVCO 
ml/min/kg 
LVCO/RVCO LVMPI* Mitral E/A Tricuspid 
E/A 
LV strain RV strain LV strain 
rate
  
RV strain 
rate 
EFW 
centile 
UA PI# 1 
 
               
MCA PI# 0.17 
P<0.01 
1               
CPR* - 0.49 
P<0.001 
0.75 
P<0.001 
1              
UV flow* - 0.16 
P=0.01 
0.17 
P=0.01 
0.27 
P<0.001 
1             
UtA-PI# 0.02 
P=0.78 
- 0.01 
P=0.92 
- 0.04 
P=0.51 
- 0.11 
P=0.08 
1            
LVCO 
(ml/min/kg)# 
- 0.04    
P=0.08 
0.38 
P<0.001   
0.29 
P<0.001 
0.18 
P=0.04  
- 0.06 
P=0.37 
1           
RVCO 
(ml/min/kg)# 
0.14 
P=0.09 
- 0.20 
P=0.01 
- 0.28 
P<0.001 
- 0.07 
P=0.28 
0.04 
P=0.55 
0.29 
P<0.001 
1          
LVCO/RVCO# - 0.22 
P<0.001 
0.32 
P<0.001 
0.41 
P<0.001 
0.13 
P=0.5 
- 0.05 
P=0.39 
0.58 
P<0.001 
- 0.52 
P<0.001 
1         
LVMPI* 0.07 
P=0.26 
- 0.27 
P<0.001 
- 0.18 
P<0.01 
 0.04 
P=0.52 
0.01 
P=0.84 
- 0.06 
P=0.32 
0.18 
P<0.01 
- 0.19 
P<0.01 
1        
Mitral E/A* 0.08 
P=0.11 
0.23 
P<0.001 
0.14 
P=0.02 
- 0.05 
P=0.90 
- 0.01 
P=0.72 
- 0.05 
P=0.42     
- 0.08 
P=0.13 
0.04 
P=0.55 
- 0.16 
P=0.01 
1       
Tricuspid 
E/A* 
0.10  
P=0.05       
0.09 
P=0.07 
0.02 
P=0.43     
0.002 
P=0.14 
 0.02 
P=0.59 
- 0.08 
P=0.21 
- 0.18 
P=0.01  
0.04 
P= 0.46 
-0.05 
P=0.45    
0.40 
P<0.001 
1      
LV strain* - 0.04 
P=0.48 
0.15 
P=0.01      
0.17 
P<0.01      
0.25 
P<0.001      
- 0.08 
P=0.18 
0.15 
P=0.03 
 0.08 
P=0.20 
0.04 
P=0.19 
- 0.05 
P=0.39 
0.07 
P=0.14 
- 0.04 
P=0.85 
1     
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LVCO: Left ventricular cardiac output, RVCO: Right ventricular cardiac output, LVCO/RVCO: The ratio of left to right ventricular output, LMPI: Left myocardial 
performance index, LV: left ventricle, RV: right ventricle, MCA PI: Middle cerebral artery Pulsatility Index, UA PI: Umbilical artery Pulsatility Index, CPR: 
Cerebro-placental ratio, UV flow: umbilical vein flow (ml/min/kg), UtA-PI: Mean uterine artery Pulsatility index, EFW: Estimated fetal weight.  
#Pearson correlation (r), *Spearman correlation (R) 
RV strain# - 0.03 
P=0.57 
0.22 
P<0.001      
0.22 
P<0.001      
0.18 
P<0.01      
- 0.03 
P=0.55 
0.10 
P=0.10      
-  0.03 
P=0.68 
0.08 
P=0.26 
- 0.10 
P=0.19 
0.07 
P=0.32 
 0.04 
P=0.55 
0.60 
P<0.01 
1    
LV strain 
rate# 
- 0.02 
P=0.75 
0.13 
P=0.04      
0.12 
P=0.04      
0.25 
P<0.001 
- 0.07 
P=0.27 
0.10 
P=0.12 
0.01 
P=0.82 
0.04 
P=0.48 
- 0.08 
P=0.19 
0.09 
P=0.15 
0.04 
P=0.58 
0.78 
P<0.01 
0.43 
P<0.01 
1   
RV strain 
rate# 
- 0.08 
P=0.19 
0.17 
P=0.01 
0.20 
P<0.01 
0.18 
P=0.01 
- 0.06 
P=0.27 
0.14 
P=0.3 
- 0.11 
P=0.06 
0.18 
P<0.01 
- 0.05 
P=0.46 
0.02 
P=0.72 
- 0.01 
P=0.90 
0.54 
P<0.01 
0.79 
P<0.01 
0.58 
P<0.01 
1  
EFW centile# - 0.08 
P=0.19 
0.21 
P<0.001 
0.25 
P<0.001 
0.03 
P=0.62 
- 0.03 
P=0.63 
 0.05 
P=0.21 
- 0.06 
P=0.21 
0.05 
P=0.50 
- 0.13 
P=0.05 
-0.11 
P=0.12 
0.11 
P=0.09 
- 0.02 
P=0.52 
0.12 
P=0.07 
0.11 
P=0.10 
0.12 
P=0.05 
1 
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Table 4: Cardiac function markers and correlation with feto-placental Dopplers in fetuses that required operative birth for intrapartum fetal 
compromise 
Parameters  
 
UA PI MCA PI CPR* UV flow* UtA-PI LVCO 
ml/min/kg 
RVCO 
ml/min/kg 
LVCO/RVCO LVMPI Mitral 
E/A 
Tricuspid 
E/A 
LV strain RV strain LV strain 
rate 
RV strain 
rate 
EFW 
centile 
UA PI# 1 
 
               
MCA PI# 0.09 
P=0.53 
1               
CPR* - 0.49 
P<0.001 
0.72 
P<0.001 
1              
UV flow* - 0.22 
P=0.11 
0.22 
P=0.11 
0.38 
P=0.006 
1             
UtA-PI# 0.07 
P=0.78 
0.09 
P=0.52 
- 0.007 
P=0.95 
- 0.23 
P=0.09 
1            
LVCO 
(ml/min/kg)# 
- 0.25  
P=0.07 
0.26 
P=0.06   
0.42 
P<0.001  
0.20 
P=0.15  
- 0.17 
P=0.21 
1           
RVCO 
(ml/min/kg)# 
-0.08 
P=0.59 
- 0.17 
P=0.20 
- 0.11 
P=0.41 
0.002 
P=0.98 
- 0.22 
P=0.13 
0.22 
P=0.11 
1          
LVCO/RVCO# - 0.13 
P=0.35 
0.32 
P=0.02 
0.28 
P=0.04 
0.10 
P=0.46 
- 0.06 
P=0.67 
0.58 
P<0.001 
- 0.62 
P<0.001 
1         
LVMPI* - 0.17 
P=0.19 
- 0.19 
P=0.16 
- 0.12 
P=0.39 
 0.13 
P=0.36 
0.03 
P=0.81 
- 0.03 
P=0.87 
- 0.13 
P=0.37 
- 0.08 
P=0.58 
1        
Mitral E/A* - 0.17 
P=0.21 
0.22 
P=0.11 
0.28 
P=0.05 
0.11 
P=0.43 
- 0.15 
P=0.30 
0.17 
P=0.23     
 0.24 
P=0.09 
- 0.08 
P=0.54 
- 0.36 
P=0.01 
1       
Tricuspid 
E/A* 
0.12  
P=0.05       
0.25 
P=0.09 
0.11 
P=0.48    
0.15 
P=0.29 
 0.04 
P=0.95 
0.11 
P=0.45 
- 0.21 
P=0.14 
0.23 
P= 0.16 
- 0.11 
P=0.45    
 0.30 
P=0.03 
1      
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LVCO: Left ventricular cardiac output, RVCO: Right ventricular cardiac output, LVCO/RVCO: The ratio of left to right ventricular output, LMPI: Left myocardial 
performance index, LV: left ventricle, RV: right ventricle, MCA PI: Middle cerebral artery Pulsatility Index, UA PI: Umbilical artery Pulsatility Index, CPR: 
Cerebro-placental ratio, UV flow: umbilical vein flow (ml/min/kg), UtA-PI: Mean uterine artery Pulsatility index, EFW: Estimated fetal weight.  
#Pearson correlation (r), *Spearman correlation (R)
LV strain* - 0.08 
P=0.48 
0.23 
P=0.10      
0.27 
P=0.04      
0.31 
P=0.03      
- 0.26 
P=0.06 
0.10 
P=0.44 
 0.33 
P=0.02 
0.19 
P=0.17 
- 0.22 
P=0.12 
0.16 
P=0.28 
- 0.10 
P=0.48 
1     
RV strain# - 0.06  
P=0.66 
0.28 
P=0.04      
0.21 
P=0.09      
0.30 
P=0.03      
- 0.23 
P=0.10 
0.20 
P=0.17      
-  0.08 
P=0.52 
0.12 
P=0.36 
- 0.24 
P=0.09 
0.03 
P=0.85 
 0.03 
P=0.84 
0.57 
P<0.001 
1    
LV strain 
rate# 
- 0.02 
P=0.54 
0.24 
P=0.09     
0.25 
P=0.06     
0.34 
P=0.01 
- 0.14 
P=0.32 
0.01 
P=0.96 
0.26 
P=0.06 
0.04 
P=0.48 
- 0.18 
P=0.21 
0.19 
P=0.15 
-0.07 
P=0.58 
0.81 
P<0.001 
0.46 
P<0.01 
1   
RV strain 
rate# 
- 0.14 
P=0.33 
0.11 
P=0.01 
0.20 
P=0.07 
0.24 
P=0.08 
- 0.08 
P=0.27 
0.10 
P=0.3 
- 0.21 
P=0.09 
0.16 
P=0.10 
- 0.03 
P=0.46 
0.02 
P=0.72 
- 0.01 
P=0.90 
0.54 
P<0.01 
0.73 
P<0.01 
0.44 
P<0.01 
1  
EFW centile# - 0.02 
P=0.88 
0.05 
P=0.72 
0.07 
P=0.64 
0.05 
P=0.75 
 0.08 
P=0.59 
 0.05 
P=0.21 
- 0.06 
P=0.21 
0.01 
P=0.92 
- 0.04 
P=0.75 
0.06 
P=0.68 
0.06 
P=0.71 
- 0.06 
P=0.67 
0.09 
P=0.57 
0.13 
P=0.36 
0.09 
P=0.55 
1 
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Figure 1:  Participant flow diagram  
 
 
 
 
IFC: intrapartum fetal compromise, SVD: Spontaneous Vaginal Delivery 
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Figure 2: Correlation graphs between fetal cerebroplacental ratio and cardiac function 
parameters in fetuses with and without intrapartum fetal compromise
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LV: left ventricle, RV: Right ventricle LVCO: left ventricular cardiac output, RVCO: right ventricular 
cardiac output, LVMPI: Left ventricle Myocardial Performance Index, UA PI: Umbilical Artery 
Pulsatility Index, MCA PI: Middle Cerebral Artery Pulsatility Index, CPR: Cerebroplacental Ratio 
a) Correlation between CPR and LVCO   
b) Correlation between CPR and RVCO 
c) Correlation between CPR and LVCO/RVCO 
d) Correlation between CPR and LVMPI 
e) Correlation between CPR and global longitudinal LV strain 
f) Correlation between CPR and global longitudinal RV strain 
g) Correlation between CPR and global longitudinal LV strain rate 
h) Correlation between CPR and global longitudinal RV strain rate 
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